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Fig. 3 Cascade solution for a wave­ rotor-topped subsonic engine.

Fig. 4 Value-added bene� t in design of a 47-mission-point, high-
bypass-turbofan subsonic engine using a wave rotor.

ciated with the wave rotor were active. The active variables
considered were the rotational speed of the wave rotor and the
heat added to the wave rotor. Important active constraints in-
cluded the limits on maximum speeds of the compressors, a
15% surge margin for all compressors, and a maximum
wave ­ rotor exit temperature. The engine thrust was selected
as the merit function. The wave ­ rotor­ engine design became
a sequence of 47 optimization subproblems, one for each mis-
sion point. Only by using the cascade strategy could the prob-
lem be solved successfully for the entire � ight envelop. For
the mission point de� ned by Mach number = 0.1 and altitude
= 5000 ft, the convergence of the two-optimizer cascade strat-
egy is shown in Fig. 3. The � rst optimizer produced an infea-
sible design at 67,060.87-lb thrust in about � ve design itera-
tions. The second optimizer, starting from the � rst solution
with a small perturbation, produced a feasible optimum design
with an optimum thrust of 66,901.28 lb. The optimum solu-
tions for the 47 mission points obtained by using the combined
tool were normalized with respect to the NEPP results and are
shown in Fig. 4. The combined tool produced a higher thrust
than the NEPP for mission points 12, 26, and 32. Both NEPP
and COMETBOARDS ­ NEPP produced identical optimum
thrust values for a few mission points. The maximum differ-
ence in thrust exceeded 5% for several mission points. These
differences could be signi� cant if the design points with in-
creased thrust were used to size the engine. The combined
COMETBOARDS ­ NEPP tool successfully solved the sub-
sonic wave­ rotor­ engine design optimization problem.

Conclusions
Combined code COMETBOARDS with FLOPS and NEPP

successfully solved a number of aircraft and engine design
problems. The advanced features and unique strengths of
COMETBOARDS made subsonic and supersonic aircraft de-
sign problems and engine-cycle design problems easier to
solve. The cascade optimization strategy was especially helpful
in generating feasible optimum solutions when an individual
optimizer encountered dif� culty. The cascade strategy con-
verged to the same optimum design, even when it started from
different initial design points. The research-level software
COMETBOARDS, with some enhancement and modi� cation,

can be used by the aircraft industry to design aircraft and their
engines.
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Introduction

W IND-TUNNEL measurements on various models of the
F/A-18 aircraft have been conducted in several labora-

tories in the U.S. The scales of the models range from full size
at NASA Ames Research Center1 to 16% at NASA Langley
Research Center,2 and 6% at David Taylor Research Center.3

By and large, the wind-tunnel programs have been devoted to
force, moment, and pressure distribution measurements, in
symmetrical � ow conditions, at angles of attack up to 50 deg
with some emphasis on � ow visualization.

In Canada, a wind-tunnel program was initiated in 1988 to
investigate tail buffet on the F/A-18 using a 6% scale model.
Tests were performed with the model oscillating in pitch and
roll to study the hysteresis effect of vortex burst on tail buffet.4

In those experiments, stability derivatives were measured, but
the oscillation frequencies were very low because of limita-
tions of the Institute for Aerospace Research (IAR) sting sup-
port system, thus making the results of limited use. However,
static lateral stability characteristics were also investigated.
This Note presents some results on roll stability that comple-
ment the weathercock stability data given by Erickson et al.3

Model
The model used is a rigid 6% scale model of the F/A-18. It

consists of three major pieces: 1) an aluminum forebody with
integral leading-edge extension (LEX) and a single seat can-
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Fig. 3 Rolling-moment coef� cient vs roll angle.

Fig. 2 Drag coef� cient vs roll angle.

Fig. 1 Lift coef� cient vs roll angle.

opy, 2) a stainless-steel fuselage with integral wings, and 3) a
stainless-steel rear fuselage. The center fuselage was bored to
accept a 3.81-cm-diam six-component sting balance. Scaled
AIM-9 missiles were mounted on the wing tips. For these mea-
surements, the leading- and trailing-edge � aps were set at 34
and 0 deg, respectively, and the horizontal stabilator an-
gle was set at 29 deg. These angles correspond to the F/A-18
auto � aps-up mode schedule settings at high angles of attack.
Boundary-layer transition trips were installed on the wings,
LEX, � ns, stabilators, and forebody of the model. A more de-
tailed description of the model is given in Ref. 5.

The test model was mounted in the IAR 1.5 3 1.5 m trisonic
blowdown wind tunnel on a cranked sting that forms part of
the model support system. The strut can be programmed to
move vertically and through the pitch linkage mechanism, the
model angle of attack can vary from 0 to 33 deg. For high
Mach numbers and dynamic pressures, aerodynamic loading
causes bending of the sting that can increase the angle of attack
by up to 2 deg. The tests were carried out at several subsonic
Mach numbers, angles of attack, and roll angles between 630
deg, but only results at M = 0.6 and 0.8 and a = 20 and 30
deg are presented in this Note. The Reynolds numbers based
on the model mean aerodynamic chord are 3.38 3 106 and 4
3 106, respectively.

Static Roll Characteristics
The coordinate system and the sign convention for de� nition

of the forces and moments follow the standard notations used
in the literature. The subscript b denotes coef� cients based on
body axes. The wing mean aerodynamic chord and reference
wing area used to compute the cof� cients are 0.21 m and 0.134
m2, respectively.

Figure 1 shows the variations in lift coef� cient CL with roll
angle for a = 20 and 30 deg at M = 0.6 and 0.8. At the lower
a, CL is slightly larger at M = 0.6 than at 0.8 over the whole
roll range, whereas at a = 30 deg, the reverse holds for 215
< f < 20 deg. Outside this range, larger CL are exhibited at M
= 0.6. The curves have a small asymmetry about the roll angle
f = 0 deg, with CL slightly higher for negative f. It is not
certain where this asymmetry arises, although model imper-
fection can be ruled out. A possible explanation is the varying
spatial � ow quality of the wind tunnel. At high incidence, the
roll of the model on the cranked sting places a signi� cant part
of the model in a different region of the � ow� eld in the wind
tunnel. (The c.g. of the model remains � xed relative to the

tunnel, and a 11-deg offset in the cranked sting produces a
fair-size cone angle, considering the model length is 99.56 cm
with the c.g. 62.73 cm from the nose.) Some � ow quality mea-
surements in the wind tunnel are required to con� rm this pos-
sible explanation.

The shape of the drag coef� cient curves at a = 20 and 30
deg is shown in Fig. 2. Larger drag values are observed at the
higher M and they are consistently greater than those at M =
0.6. The asymmetry of the curves for positive and negative f
is less than those found in CL.

Figure 3 illustrates the dependence of rolling-moment co-
ef� cient Clb on f. At a = 20 deg, adequate static roll stability,
as de� ned by a negative ­Clb/­f, exists at M = 0.6 and 0.8
over the range of f investigated. However, at a = 30 deg,
while stabilty is maintained at M = 0.6 in the range 230 deg
< f < 30 deg, this is not true at M = 0.8, where ­Clb/­f is
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Fig. 4 Yawing-moment coef� cient vs roll angle.

Fig. 5 Side-force coef� cient vs roll angle.

nearly zero or slightly positive for uf u > 14 deg. The exact
slope cannot be determined with accuracy because of the ex-
perimental uncertainties. Between 214 < f < 14 deg, ­Clb/­f
is negative and its value is small when the points at f = 0 and
2.5 deg are ignored.

As is well known, roll ­ yaw motions are inextricably cou-
pled and meaningful conclusions on lateral behavior of the
aircraft can only be derived from dynamic analysis. However,
the static derivatives are still useful to give some information
of the aircraft characteristics. The yawing moment Cnb is
shown in Fig. 4. At a = 20 deg, ­Cnb/­f is positive over the
entire roll range for M = 0.6, whereas at M = 0.8, ­Cnb/­f is
approximately zero for 220 < f < 10 deg. At a = 30 deg, the
curves are quite different from those at 20 deg. Large negative
slopes are observed outside the range 27.5 < f < 7.5 deg.
They become zero at about 625 deg for M = 0.6 and 617.5

deg for M = 0.8. Thereafter, the slope becomes positive. There
are signi� cant variations of ­Cnb/­f with f at high a. A slight
offset of the curves at f = 0 deg is observed and this is more
noticeable at the higher a. An explanation for this behavior is
similar to that previously given for the CL curves. Figure 5
shows the relation between the side-force coef� cient Cyb and
f. ­Cyb/­f is negative over the entire range of f investigated
and a reasonably constant slope for Cyb with f is observed.
Once more, a small offset of the curves is detected at the origin
that is attributed to � ow nonuniformity in the wind tunnel.

In summary, both CL and CD exhibit a decrease with f. ­Cyb/
­f is practically constant over the whole excursion in f, and
the effect of M is small. Good roll stabilty is maintained up to
f = 30 deg for M = 0.6, whereas at M = 0.8, stability deteri-
orates and becomes marginally stable at values of f larger than
14 deg. M and a effects are quite pronounced for Cnb.
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Introduction

T HE modern generation of military airplanes are equipped
with low-bypass turbofans with relatively cool engine cas-

ings. In some instances the bypass ratio is very low [0.2 ­ 0.4
(Ref. 1)] and these engines are often called cooled turbojets.
Because of the low temperatures at the engine surface engine,
bay cooling is not, in general, as stringent a requirement as
the ventilation of the bay of potentially � ammable gas
mixtures resulting from leaks between various modules of the
engine. In � ight, unidirectional ventilation air is, in general,
relatively easy to achieve by a careful design of inlet scoops
and outlets that take advantage of the air ram and the existence
of low-pressure regions on the rear part of the airplane fuse-
lage. The dif� culty is to obtain suf� cient ventilation on the
ground, at static conditions.

Figure 1 shows a number of engine bay ventilation schemes
implemented on some of the airplanes currently in service.
Figure 1a shows the scheme adopted for the F-15. Engine bay
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